The 70-kDa heat shock protein (Hsp70) chaperones perform a wide array of cellular functions that all derive from the ability of their N-terminal nucleotide-binding domains (NBDs) to allosterically regulate the substrate affinity of their C-terminal substrate-binding domains in a nucleotide-dependent mechanism. To explore the structural origins of Hsp70 allostery, we performed NMR analysis on the NBD of DnaK, the Escherichia coli Hsp70, in six different states (ligand-bound or apo) and in two constructs, one that retains the conserved and functionally crucial portion of the interdomain linker (residues 389 VLLL 392 ) and another that lacks the linker. Chemical-shift perturbation patterns identify residues at subdomain interfaces that constitute allosteric networks and enable the NBD to act as a nucleotide-modulated switch. Nucleotide binding results in changes in subdomain orientations and long-range perturbations along subdomain interfaces. In particular, our findings provide structural details for a key mechanism of Hsp70 allostery, by which information is conveyed from the nucleotide-binding site to the interdomain linker. In the presence of ATP, the linker binds to the edge of the IIA β-sheet, which structurally connects the linker and the nucleotide-binding site. Thus, a pathway of allosteric communication leads from the NBD nucleotide-binding site to the substrate-binding domain via the interdomain linker.
T he 70-kDa heat shock proteins (Hsp70s) compose one of the most well studied and ubiquitously distributed families of allosteric proteins (1) . Hsp70s assist in an extraordinarily broad spectrum of cellular processes, including protein folding, disaggregation, and translocation. All chaperone activities of Hsp70s are based on their ability to interact with short hydrophobic peptide segments of protein substrate in an ATP-dependent fashion. Hsp70s contain two domains-a 44-kDa N-terminal nucleotidebinding domain (NBD) and a 15-kDa C-terminal substrate-binding domain (SBD)-connected by a highly conserved hydrophobic linker. The allosteric cycle of Hsp70s involves an alternation between the ATP-bound state with low affinity and fast exchange rates for substrates, and the ADP-bound state with high affinity and low exchange rates for substrates. In turn, substrate binding to the SBD results in about 10-fold stimulation of ATPase activity of the NBD. However, the same ATPase stimulation can be achieved for the isolated NBD in the presence of the conserved interdomain linker sequence motif ( 389 VLLL 392 ) (2-4), indicating that the linker plays a key role in NBD function and allostery.
The Hsp70 NBD belongs to the Actin/Hexokinase/Hsp70 superfamily, members of which share a number of common features (5, 6) . The NBD is composed of two lobes, I and II; each lobe consists, in turn, of two subdomains: IA and IB for lobe I, and IIA and IIB for lobe II. Nucleotide binds at the bottom of the deep central cleft at the interface between subdomains IB and IIB, and all four subdomains are involved in nucleotide coordination. It has been suggested that nucleotide-dependent conformational changes due to subdomain reorientations are an intrinsic property of all NBDs, crucial for their functions (6) . Significant subdomain movements have been directly observed between different X-ray structures of hexokinase (6) ; by contrast, there are no significant conformational changes seen in X-ray structures of Hsp70 NBDs (2, 7) and actin (8) . Nonetheless, NMR data (3, 9, 10) and molecular dynamics (MD) calculations (11) for the Hsp70 NBD demonstrated significant conformational flexibility related to subdomain reorientations, which suggests that allosteric coupling in Hsp70s NBD occurs via a network of NBD subdomain motions (10) . Despite the progress to date, experimental characterization of the nature of these conformational changes for Hsp70 NBDs and a mechanism by which these subdomain motions are exploited during the allosteric cycle remain elusive.
Some insight into the nature of the conformational landscape of Hsp70 NBDs comes from X-ray structures of their complexes with nucleotide exchange factors (NEFs), which show an opening of the nucleotide-binding pocket relative to other NBD structures conformation (12) (13) (14) (15) . Additionally, the recently determined X-ray structure of ATP-bound yeast Hsp110, Sse1, a distant relative of the Hsp70s, emerges as a plausible model for the Hsp70 ATP-bound conformation. It shows the interdomain linker and SBD directly interacting with the NBD (16), a likely structural route by which the linker directly influences conformational changes in the Hsp70 NBD. The three structures (i.e., NEF-free and NEF-bound Hsp70 NBD, and Hsp110 NBD) retain similar structural organization within NBD subdomains yet have different relative subdomain orientations. Together they serve as an excellent starting point for modeling the Hsp70 NBD allosteric ensemble.
To explore the allosteric landscape of the Hsp70 NBD, we have examined the relationship between allosteric modulators and conformational changes in the NBD of the Escherichia coli Hsp70, DnaK. Global chemical-shift analysis of six different states, apo or bound to alternative ligands, of two NBD constructs-one with and one without the conserved 389 VLLL 392 linker sequence-reveals that the NBD exists as an ensemble of several conformations interconverting via rigid-body subdomain motions. Residues located on subdomain interfaces constitute an allosteric network in the NBD, providing multiple pathways for signal transduction. Pairwise comparisons of chemical-shift perturbations in turn reveal how nucleotide binding coordinates subdomain rotations, and consequently enables transmission of signals through the NBD, providing communication with the SBD and Hsp70 cochaperones.
Results
Chemical Shifts as Signposts on the Hsp70 NBD Allosteric Landscape.
The two powerful NMR measurements used most often to monitor protein structural rearrangements-nuclear Overhauser effects and residual dipolar couplings (RDCs)-may not be sensitive in all cases to small to moderate domain reorientations that occur in large proteins with little change in secondary structure, both because experimental data are too sparse and because measurement errors may be comparable to or larger than the overall structural perturbations. By contrast, chemical-shift perturbations, which are also easier to obtain, are extremely accurate and exquisitely sensitive to protein local and global structure. Thus, chemical shifts are excellent reporters to monitor even small changes in a protein conformational ensemble (17) (18) (19) . To identify residues affected by conformational changes in the isolated 44-kDa NBD of the E. coli Hsp70, DnaK, we compared chemical shifts for backbone amide 1 HN, 15 N, carbonyl 13 C, 13 Cα, and 13 Cβ atoms in several functionally important states, including the nucleotide-free, ADP-, ADP.Pi(phosphate)-, and ATP-bound states (Table S1 ). Nucleotide-induced conformational changes in DnaK and other Hsp70s require the correct positioning of the Mg 2þ and K þ ions in the nucleotide-binding site. Moreover, the presence of ATP is essential: Functional conformational changes do not occur with several ATP analogs (e.g., ATPγS, AMP-PNP) (1, 20, 21) . To understand how these small perturbations in the nucleotide-binding site affect the global NBD conformation, we included in our analysis the ADP.noMg (in the absence of Mg 2þ ions) and the ATPγS-bound states. To obtain data for the ATPbound state over longer experimental times without interference from ATP hydrolysis, we incorporated the T199A mutation, which blocks ATP hydrolysis but still allows functional ATP binding and ATP-induced conformational changes (22) .
As noted above, previous biochemical studies revealed the importance of the interdomain linker for NBD conformational changes (2) (3) (4) . In addition to these data, we found that the presence of the 389 VLLL 392 linker motif changes the energetics of nucleotide binding to the NBD. NMR titrations of the ADPbound NBD with ATP ( Fig. S1 ) revealed that binding affinities for ATP and ADP.Pi differ significantly for the 1-388 and 1-392 NBD constructs. By NMR, the shorter construct has a higher affinity for ADP than ATP, which agrees with K d values of 170 and 610 nM for ADP and ATP binding, respectively, as measured by isothermal calorimetry (23 To explore the structural features that enable the NBD to bind and release nucleotide, as required in its allosteric cycle, we analyzed chemical-shift perturbations between the nucleotide-free and ADPbound states of the NBD; the data are presented as a function of residue position in Fig. 1A . Previous RDC analysis demonstrated that in solution the ADP-bound NBD exists in the "closed" conformation (10). X-ray structures of Hsp70 NBDs bound to their respective NEFs (12) (13) (14) (15) 24) , which enhance the rate of nucleotide release and binding, show subdomain IIB to be rotated about 10 to 30°with respect to the rest of the NBD and thus opening of the nucleotide-binding cleft ( Fig. 2A) . For most residues in our analysis, chemical-shift changes between the apo and ADP-bound states were small and moderate (not exceeding 0.3 ppm) (Fig. 1A) . As expected, large perturbations (shown in red in Fig. 1A and, on the structure, in Fig. 2B ) were observed for residues directly affected by nucleotide binding (i.e., those located in the nucleotide-binding site) and, notably, for some residues relatively distant from the nucleotide-binding site-in particular the two α-helices of subdomain IIB (Fig. 2B, green) . These α-helices are located at the interface between subdomains IB and IIB, and consequently would experience large environmental perturbations upon opening of the nucleotide-binding cleft, as seen in the crystal structures of NEF-bound Hsp70 or 70-kDa heat shock cognate proteins (Hsc70s) ( Fig. 2A) . Thus, our results are consistent with a model where nucleotide dissociation favors rotation of subdomain IIB and opening of the nucleotide-binding cleft. Interestingly, the rest of subdomain IIB (i.e., the double-stranded β-sheet and the loop connecting the two strands, which are distant from the IB-IIB interface) shows 
, for backbone atoms as a function of residue number, where Δδ H , Δδ N , or Δδ CO are 1 HN, 15 N, and 13 CO chemical-shift differences between the apo and ADP-bound states of NBD 388 (A), and between the ADP-and ATP-bound states of NBD 392 (B). Residues with large Δδ tot (>0.3 ppm) and significant chemical-shift perturbation (at least one Δδ H , Δδ N , or Δδ CO value is larger than two corresponding chemical-shift errors; i.e., 0.06, 0.6, and 0.6 ppm for 1 HN and 15 N, and 13 CO atoms, respectively) are colored red and yellow, respectively; the rest are shown as cyan. The green background highlights regions that are highly affected by nucleotide binding, and the top bar shows NBD subdomains: IA (dark green), IB (light green), IIA (dark blue), IIB (light blue), crossing α-helices (red, X), the 389 VLLL 392 linker motif (yellow, L), and the nucleotide-binding site (black, N).
almost no chemical-shift perturbation but displays enhanced mobility on the nanosecond timescale, as indicated by the high peak intensities for this region (Fig. S2A ). This finding fits remarkably well with elastic network modeling (ENM) predictions showing that the same region enjoys the largest mobility and serves as an adjustable NEF recognition path in the NBD (25) . These ENM calculations and previous MD simulations (11) The last five residues arising from the C-terminus of NBD 388 display narrow intense peaks in NMR spectra, and their chemical shifts and peak intensities are identical whether the NBD is bound to ATP or ADP, or no nucleotide is bound (Fig. S2A ). This high peak-intensity suggests that these residues are flexible on the nanosecond timescale. We conclude that the NBD 388 C-terminus is a flexible, water-exposed segment and that its behavior is not linked to nucleotide-dependent conformational changes of the NBD. In striking contrast, the C-terminal residues of NBD 392 experience chemical-shift and mobility changes upon even small changes in the nucleotide-binding site ( Fig. 3 A and B) . In nucleotide-free NBD 392 , the C-terminus is highly flexible, and in turn, minimal long-range chemical-shift perturbations were observed when comparing this state to nucleotide-free NBD 388 (Fig. 3C ). In the ADP-and ATP-bound states, peaks from the C-terminal residues shift and broaden (Fig. 3 A and B) , and moreover, the pairwise comparison between NBD 388 and NBD 392 shows significant effects in the rest of the NBD (Fig. 3C) , indicating that there is communication between the linker and the NBD. Previously, it was proposed that a solvent-accessible hydrophobic cleft, which is formed by the crossing helices on the interface between subdomain IA and IIA, is the most probable binding site for the linker (3). Indeed, we found H N -H N NOESY cross-peaks between the linker and residues from the hydrophobic cleft in the ATP-bound state, but not in apo.NBD (Fig. S3A) . Upon ADP binding, the 389 VLLL 392 linker motif causes chemical-shift perturbations in the hydrophobic cleft (Fig. S4) . These appear to arise from weak binding of the linker to this cleft, as the changes are small and local. Strikingly, ATP binding dramatically enhances the linker effect on the NBD conformational ensemble, causing chemical-shift changes throughout the NBD (Fig. 3C ). Our data show that in addition to direct effects of linker binding on the hydrophobic cleft, the entire interface between the NBD lobes is perturbed, suggesting allosteric linker-induced lobe reorientation. In turn, in the ATP-bound state the conformation of the C-terminal segment dramatically changes compared to the flexible solvent-exposed conformation it adopts in the nucleotidefree state.
It was previously reported that NBD 393 , a construct that includes one more residue (D393), had even higher ATPase than NBD 392 (4). In our chemical-shift analysis, the addition of D393 to the linker motif (i.e., in the NBD 393 construct) results in small long-range perturbations around the nucleotide-binding site and in subdomain IIA (Fig. S5B) . However, the overall structure of the ATP-bound state of NBD 392 and NBD 393 remains very similar. Only a few residues showed significant chemical-shift differences. We suggest that these small perturbations fine-tune the ATPase activity and illustrate how sensitive the catalytic efficiency is to small perturbations.
Taken together, our observations support a two-way coupling mechanism between binding of ATP and the interdomain linker; we conclude that cooperative binding of the 389 VLLL 392 linker sequence and ATP results in an NBD conformation favorable to ATPase hydrolysis and ATP binding and poised for interdomain allostery. The consequence of the ATP-induced conformational change in the NBD and resulting linker binding is clearly illustrated by our pairwise chemical-shift perturbation analysis of ADP-and ATP-bound NBD 392 . In this longer construct, which retains a key structural participant in the allosteric function of Hsp70s, the interfaces between NBD subdomains experience much more extensive perturbations between the ADP-and ATP-bound states than seen for NBD 388 . The chemical-shift perturbations (shown as a function of residue number in Fig. 1B) , when mapped onto the structure (Fig. 4A) , revealed the largest changes for the C-terminus, the IIA β-sheet, and the N-terminal crossing α-helix.
To interpret our chemical-shift data structurally, and in so doing describe conformational changes, we generated two model structures representing the ADP-and ATP-bound state of the NBD (SI Text). For the ATP-bound conformation (ATP:NBD M ), we built a homology model of the DnaK NBD based on the crystal structure of its distant relative, yeast Hsp110 (Sse1) bound to ATP, which has been suggested to represent the ATP-bound state of Hsp70 (16) . The ADP-bound conformation of DnaK (ADP:NBD M ) was obtained from the X-ray structure of the NBD of its close homologue, the Bos taurus Hsc70 NBD (26) . Whereas the structure within the NBD subdomains for the two models (ADP:NBD M and ATP:NBD M ) is quite similar, lobe II is rotated significantly with respect to lobe I, and subdomains IIA and IIB rotate relative to each other (Fig. S6) . The resulting rotation of the IA-IIA subdomains against one another exposes binding sites for the interdomain linker along the edge of the IIA β-sheet (Fig. 4B) . Moreover, these structural changes correlate well with shear movements of the crossing α-helices relative to each other and to the core IA and IIA β-sheet that have been directly observed for another Hsp70 homolog, hexokinase (6) . Consequently, the modeled NBD structures predict that the linker and IIA β-sheet should experience the largest structural perturbations. This prediction is fully confirmed by our experimental data, which indeed reveal the largest chemical-shift changes for these regions (Fig. 4A) . In addition, large chemical shifts for the N-terminal crossing α-helix hint at its possible role in domain reorientations, as was predicted from hexokinase structures (6) .
In order to obtain more detailed structural information about the ATP-induced NBD conformational changes and specifically the linker conformation, we measured NH RDCs in the apo and ATPγS-bound states of the NBD 392 (Fig. S3C) . However, the precision of our RDC data did not enable accurate and unambiguous characterization of structural changes between these two states (see SI Text). Nonetheless, RDCs confirmed that the linker undergoes dramatic changes in its conformation upon ATP binding. In the apo state, RDC values for the linker are close to zero, which agrees with its flexible, solvent-exposed conformation, suggested by chemical-shift analysis. On the contrary, in the ATPγS-bound state [which mimics ATP-NBD (Fig. S5A)] , the linker displays large positive RDCs, indicative of significantly more structure. Consistent with this observation, Cα and Cβ chemical shifts of the linker show significant β-sheet propensity (Fig. S2B) . Moreover, RDC values indicate that NHs of the linker became parallel to those in the IIA β-sheet (Fig. S3C) , which agrees well with the homology model derived from the Hsp110 structure (Fig. 4B) . We believe these results provide a useful model for the structure of the linker, in general, but nonetheless we caution that the detailed structure of the linker seen for NBD 392 may not recapitulate its structure when attached to the rest of the SBD.
An Intramolecular Allosteric Network in the NBD. In order to gain a holistic picture of the NBD conformational ensemble and in so doing explore the parts of this molecular machine that respond to ligands, we compared chemical shifts of the six different states for both the NBD 388 and NBD 392 constructs and compiled the greatest shifts, site-by-site. We found that the secondary structure of the protein is largely unchanged: The Cα and Cβ chemical shifts do not vary significantly between different NBD states (Fig. S7) ; in all cases, these shifts are consistent with the secondary structure derived from the DnaK NBD X-ray structure (Fig. S2B) . By contrast, the backbone amide ( 1 HN and 15 N) and carbonyl 13 C chemical shifts of most residues are modulated by nucleotide binding and/or by the presence of the linker (Fig. 5) . Even small changes in the nucleotide-binding site (e.g., between ADP-, ADP.Pi-, and ADP.noMg-bound states), caused long-range perturbations (Fig. S8) . We found that about 60% of the NBD residues showed chemical-shift perturbations of backbone amide ( 1 HN and 15 N) and carbonyl 13 C atoms when all 12 different NBD states were compared; i.e., for these residues chemical shifts were significantly different between at least two states (Fig. 5B) . These residues represent "hot spots" in the NBD structure, as they respond to the binding of ligands or presence of the linker. Not surprisingly, the majority of these hot spots map to the interfaces between NBD subdomains (Fig. 6A) , whereas the rest of the protein is largely unperturbed. These results fully agree with a model previously proposed based on analysis of RDCs, which showed significant NBD subdomain reorientations in solution compared to X-ray structure and suggested that allosteric coupling in the NBD occurs via a network of subdomain motions (10) . Importantly, our chemical-shift analysis explores NBD conformational space more extensively, using NBD 388 and NBD 392 in six different states, all of which can be explained by an ensemble of conformations with similar overall architecture, the same folds within subdomains, but with different subdomain orientations. A question remains whether nucleotide binding results in a new structure on the NBD energy landscape, or rather shifts a preexisting equilibrium between two or more already populated NBD conformations. Although most NBD residues were represented by single resonances in NMR spectra, significant broadening of a number of peaks (Fig. S2A) suggests that local or global con- formational exchange processes are occurring at a rate that is intermediate on the NMR timescale. Moreover, for many residues different chemical shifts were observed for all 12 states examined (Fig. 5A) . It is very unlikely that a unique "single structure" exists for each state; instead, the single resonances observed most likely represent averages of multiple conformations rapidly interconverting on the NMR timescale. The "peak walking" pattern observed (Fig. 5A) shows that most resonances do not move in a simple manner in response to ligands, and thus suggests that ligands adjust the populations of more than two NBD conformations. The conformational heterogeneity for the Hsp70 NBD ensemble implied by the chemical-shift behavior is consistent with computational predictions (11) and previous experiments (3, 9, 10, 27) . These observations also account for previous results showing that changes in the nucleotide-binding site, such as single point mutations or the absence of inorganic ions, cause disruption of Hsp70 allostery without significant changes in structure by X-ray crystallography (1, 20, 21, 26, 28, 29) .
Discussion
Our results provide detailed molecular insights into intramolecular signal transduction in Hsp70 molecular chaperones. Our chemical-shift data lead us to conclude that binding of a nucleotide ligand and the docking of the interdomain linker result in changes in subdomain and lobe orientations in the Hsp70 NBD, providing long-range perturbations along lobe and subdomain interfaces (Fig. 6A) . Importantly, by interacting with all four subdomains, nucleotide binding selects preferred features on the protein landscape and consequently coordinates further allosteric events. An allosteric signal can propagate bidirectionally. Therefore, not only do perturbations in the nucleotide-binding site affect subdomain interfaces, but also a signal can propagate from subdomain interfaces to the nucleotide-binding site, and in so doing regulate nucleotide binding and ATPase activity. Our results are entirely consistent with a previous hypothesis that allosteric signal transduction occurs via a network of motions of protein modules (e.g., subdomains) (30, 31) . According to this model, residues at the interfaces between modules form an allosteric network between protein active sites. More specifically, our results argue that nucleotide dissociation favors rotation of subdomain IIB and opening of the nucleotide-binding cleft, which had been predicted early by ENM (25) and MD (11) calculations. Additionally, NEF binding, which accelerates nucleotide exchange, appears to act by selection of preexisting conformations on the landscape (25) . Because our study included a comparison of NBD constructs with and without the functionally critical first segment of the interdomain linker, we can provide a structural model for twoway coupling pathway between binding of ATP and the linker, which helps understanding of NBD to SBD communication. Via subdomain reorientations, ATP binding results in exposure of a binding surface for the interdomain linker. Linker binding, in turn, stabilizes the ATPase-active conformation of the NBD, which is similar to that seen in the Hsp110 NBD crystal structure (16) . As a result, the β-sheet of subdomain IIA structurally connects the interdomain linker and the nucleotide-binding site (Fig. 6B) . Indeed, linker binding to an edge of the IIA β-sheet results in rotation of subdomain IIA relative to subdomain IA and the crossing α-helices, and consequently changes the orientation of the β1-β2 turn in subdomain IIA that is responsible for coordination of the ATP γ-phosphate (6). Consequently, the presence of the ATP γ-phosphate and the linker is essential for the ATPase active conformation. The activation of the ATPase activity upon extension of the construct [e.g., in NBD 393 (4)] is evidence that additional structural adjustments can occur and enable further regulation of ATPase activity by Hsp70 cochaperones and the SBD.
Thus, we offer an explanation for how the interdomain linker works as a switch: By binding to the hydrophobic cleft in a nucleotide-dependent fashion, the linker directly affects the NBD conformation and regulates interdomain communication, bringing the SBD close to the NBD. Indeed, single point mutations of the linker and hydrophobic cleft residues perturb the NBD ATPase activity and disturb its regulation by the SBD and cochaperones (2, 16, 32, 33) . The fact that the hydrophobic cleft is the binding site for the Hsp70 cochaperone DnaJ, which regulates the rate of ATP hydrolysis (2, 34, 35) , indicates that cochaperone regulation of ATPase activity most likely occurs through the same allosteric networks (i.e., via the linker and the hydrophobic cleft). Intriguingly, the hydrophobic cleft comprises a sector of coevolved residues in the NBD, which is important for stabilizing the interdomain interfaces and mediating allosteric communication between the NBD and SBD (36) .
Evolution has capitalized on the ability of the Actin/Hexokinase/Hsp70 family NBD structure to utilize ATP as a signal for downstream functions, and the present study using chemicalshift perturbation has shed light on the structural origins of this conserved allosteric machine. Chemical-shift perturbation analysis has proven itself to be a rich source of information in a complex conformational landscape with shifting populations.
Materials and Methods
Protein Expression and Purification. Plasmids encoding DnaK NBD(1-388) T199A, NBD(1-392)T199A, and NBD(1-393)T199A were prepared previously in our laboratory; they were expressed in E. coli and purified as described (3, 37) . 2 H-, 13 C-, and 15 N-labeled NMR samples were prepared using established protocols (38), as described previously (37) (see SI Text).
NMR Spectroscopy. To obtain backbone and Cβ resonance assignments, we recorded standard sets of transverse-relaxation optimized spectroscopy (TROSY)-modified triple-resonance experiments, developed for 15 N-, 13 C-, and 2 H-labeled proteins. Details about NMR experiments and sample conditions are summarized in Table S1 . All spectra were obtained at 26°C on a 600-MHz Bruker Avance spectrometer using a TXI cryoprobe, processed using nmrPipe (39) , and analyzed using Cara (40) .
Chemical-Shift Analysis. 
